Published phylogeny reconstructions of the palm family (Arecaceae) are based on plastid DNA sequences or restriction fragment length polymorphisms (RFLPs), nuclear DNA sequences, morphological characters or a combination thereof, and include between 33 and 90 palm species. The present study represents all previously recognized subfamilies, tribes and subtribes of palms and 161 of the 189 genera. The plastid DNA region mat K was sequenced for 178 palm species and ten commelinid monocot outgroup species, and was combined with new and previously published plastid DNA sequences of trn L-trn F, rps 16 intron and rbcL . The addition of mat K sequences and more taxa resulted in a highly resolved and largely well-supported phylogeny. Most importantly, critical basal nodes are now fully resolved and, in most cases, strongly supported. On the basis of this phylogeny, we have established a new subfamilial classification of the palms, in which five subfamilies are recognized, rather than the six that were included in the previous classification. The circumscriptions of the subfamilies Calamoideae and Nypoideae were corroborated. The phylogeny supported a new circumscription for the subfamily Coryphoideae, including all taxa previously recognized in Coryphoideae with the addition of the tribe Caryoteae, formerly of the subfamily Arecoideae. The phylogenetic analysis also supported a new delimitation for the subfamily Ceroxyloideae that contains the tribes Cyclospatheae and Ceroxyleae, and all genera formerly included in the subfamily Phytelephantoideae, but excludes the tribe Hyophorbeae. Finally, the subfamily Arecoideae was modified to exclude the tribe Caryoteae and to include the tribe Hyophorbeae. © 2006 The Linnean Society of London, Botanical Journal of the Linnean Society , 2006, 151 , 15-38. ADDITIONAL KEYWORDS: mat K -Palmae -rbc L -rps 16 intron -trn L-trn F.
INTRODUCTION
The palm family (Arecaceae, Palmae) is resolved as a monophyletic group in all higher-level molecular studies of monocots (e.g. Chase et al ., 2000; Asmussen & Chase, 2001) . During the last 10 years, substantial progress has been made in the understanding of the relationships within the family. Many estimates of palm phylogeny have been published at various taxonomic levels. Nevertheless, numerous ambiguities have persisted, hindering any attempt to rearrange the formal classification of the family, such as, for example, the placements of the tribes Cyclospatheae and Phoeniceae, and of the sub-family Phytelephantoideae. In this paper, which is focused strictly on the circumscription of palm subfamilies, we shall refer primarily to those phylogeny reconstructions that explore the systematics of the family at the highest level (Uhl et al ., 1995; Baker et al ., 1999; Asmussen, Baker & Dransfield, 2000; Asmussen & Chase, 2001; Hahn, 2002a; Lewis & Doyle, 2002) . We use the formal subfamily, tribal and subtribal names in the sense of Dransfield & Uhl (1998) , who divided the family into six subfamilies varying in size from one genus (subfamily Nypoideae) to 112 genera (subfamily Arecoideae; see Appendix). For the subfamily Calamoideae, however, we use the classification of Baker, Dransfield & Hedderson (2000a) . This study provides part of the justification for a forthcoming new classification of palms based on phylogenetic data (Dransfield et al ., 2005) ; we make references to the new classification, where appropriate, within the figures and in the discussion section below.
C URRENT STATUS OF PALM FAMILY PHYLOGENETICS

Subfamilies Calamoideae and Nypoideae
The subfamily Calamoideae is resolved as monophyletic in all palm family phylogenies (Uhl et al ., 1995; Baker et al ., 1999 Baker et al ., , 2000a Baker, Hedderson & Dransfield, 2000b, c; Asmussen et al ., 2000; Asmussen & Chase, 2001 ; Lewis & Doyle, 2001; Hahn, 2002a) . Baker et al . (2000a, b, c) explored the relationships within this subfamily and proposed a new classification for the Calamoideae with three tribes and nine subtribes based on a combination of molecular and morphological data.
Nypa , the sole representative of the subfamily Nypoideae, is always resolved on an isolated branch when maximum parsimony is employed as the optimality criterion (Uhl et al ., 1995; Baker et al ., 1999; Asmussen et al ., 2000; Asmussen & Chase, 2001 ; Lewis & Doyle, 2001; Hahn, 2002a) . In a few analyses using maximum likelihood, Nypa is nested in various positions among members of the subfamily Calamoideae or the subfamily Coryphoideae (Hahn, 2002a) , but these relationships have received scant support in other systematic studies.
The Calamoideae and the Nypoideae are the principal candidates for the position as the sister taxon to the remaining members of Arecaceae. In two recent papers with extensive taxon and nucleotide character sampling, the subfamily Calamoideae was resolved as sister to all other members of the palm family in total evidence analyses based on parsimony (Asmussen & Chase, 2001; Hahn, 2002a) . This finding contrasts markedly with the first phylogenetic study of palms based on restriction fragment length polymorphisms (RFLPs) and morphology, in which Nypa resolved as sister to the remaining members of Arecoideae, with the Calamoideae sister to all palms excluding Nypa (Uhl et al ., 1995) . However, this result was probably influenced by the use of only one taxon as an outgroup, Dioscorea (Dioscoreaceae), which is only distantly related to palms and commelinid monocots as a whole (Chase et al ., 2000) , thereby increasing the potential for a spurious rooting. In subsequent studies, Baker et al . (1999) and Asmussen et al . (2000) did not include nonpalm outgroups, due to alignment problems, rooting their phylogenies internally on Nypa following Uhl et al . (1995) . Although their methods were explicit, the results are prone to misinterpretation. However, another study, which included nonpalm outgroups, supports Nypa as sister to all other palms (Lewis & Doyle, 2001) . Unfortunately, in none of these studies are the relative positions of Nypa or the Calamoideae strongly supported by bootstrap analysis, rendering the results effectively equivocal.
Subfamily Coryphoideae
More than half the phylogenetic analyses of the palm family based on DNA sequences do not resolve the subfamily Coryphoideae as monophyletic (Baker et al ., 1999; Asmussen et al ., 2000; Asmussen & Chase, 2001; Hahn, 2002a) . However, the plastid RFLP phylogeny of Uhl et al . (1995) , in which the taxonomic sampling was heavily biased towards coryphoids, resolved subfamily Coryphoideae including the tribe Caryoteae from the subfamily Arecoideae as a monophyletic group. The study of Lewis & Doyle (2001) , based on DNA sequences of the nuclear gene, malate synthase, and that of Hahn (2002a) , based on a combined, reduced data set, resolved the Coryphoideae as monophyletic. It should be noted, however, that the sample size was small in both cases. Many data sets group the tribe Caryoteae of the subfamily Arecoideae together with members of the subfamily Coryphoideae, often with close relationships to the subtribe Coryphinae or the tribe Borasseae (Uhl et al ., 1995; Asmussen et al ., 2000; Asmussen & Chase, 2001; Hahn, 2002a) .
Subfamilies Ceroxyloideae and Phytelephantoideae
It is clear from most phylogenetic analyses that the subfamily Ceroxyloideae ( sensu Dransfield & Uhl, 1998) is not monophyletic (Uhl et al ., 1995; Baker et al ., 1999; Asmussen et al ., 2000; Asmussen & Chase, 2001; Lewis & Doyle, 2001; Hahn, 2002a, b) . One tribe, the Hyophorbeae, is consistently resolved with members of the subfamily Arecoideae. The exact relationships and positions of the tribes Ceroxyleae and Cyclospatheae are not yet clear, however. In contrast, the subfamily Phytelephantoideae is always resolved as monophyletic (Uhl et al ., 1995; Asmussen et al ., 2000; Asmussen & Chase, 2001; Hahn, 2002a) with the exception of Baker et al . (1999) , where the two included species are unresolved in a polytomy at the base of the Arecoid line (Moore, 1973) .
Recent studies provide modest support for a clade of Phytelephantoideae, Ceroxyloideae, and Arecoideae, a group that is equivalent to the Arecoid line sensu Moore (1973; Asmussen & Chase, 2001; Hahn, 2002a, b) . Various studies give indications of potential relationships between the Ceroxyleae, Cyclospatheae, and Phytelephantoideae, or between at least two of the three groups (Uhl et al ., 1995; Asmussen & Chase, 2001; Hahn, 2002a, b) . Most strikingly, Asmussen & Chase (2001) provided evidence, albeit weakly supported, that Phytelephantoideae, Cyclospatheae and Ceroxyleae form a monophyletic sister group to the subfamily Arecoideae.
Subfamily Arecoideae
Most studies point towards a broadly monophyletic subfamily Arecoideae, with the majority including the tribe Hyophorbeae (subfamily Ceroxyloideae) and excluding the tribe Caryoteae (Uhl et al ., 1995; Baker et al ., 1999; Asmussen et al ., 2000; Asmussen & Chase, 2001; Hahn, 2002a, b) .
P OTENTIAL FOR REVISION OF THE CURRENT
CLASSIFICATION
Although much progress has been made towards a robust phylogeny of the palm family, a major revision of the prevailing classification based on published phylogenetic hypotheses is premature. At the highest level in particular, the lack of resolution and bootstrap support at the basal nodes forming the backbone of the phylogeny seriously hinders the production of a robust, lasting, circumscription of subfamilies. For reasons outlined above, three of the current subfamilies are in particular need of clarification, namely Coryphoideae, Ceroxyloideae and Phytelephantoideae. The objectives of this study were to explore further the phylogeny of the palm family by building on previous studies (Baker et al ., 1999; Asmussen et al ., 2000; Asmussen & Chase, 2001 ) with substantially expanded taxon sampling and by adding the plastid DNA region mat K to the pre-existing selection of plastid DNA regions ( trn L-trn F, rps 16 intron and rbc L) used in these studies, and to use our findings to propose a formal revision of the subfamily classification of the Arecaceae.
MATERIAL AND METHODS
S AMPLING
This study included 178 palm species, representing 162 of the 189 genera recognized in the 1998 treatment of Arecaceae (Dransfield & Uhl, 1998) . All 36 subtribes, 14 tribes and six subfamilies in the classification of Uhl & Dransfield (1987) and all 36 subtribes, 14 tribes and six subfamilies of Dransfield & Uhl (1998; see Appendix) were represented. All tribes and subtribes of the revised classification of the Calamoideae of Baker et al . (2000a) were also represented. The mat K region was chosen as an additional plastid DNA region because it has provided many parsimony-informative characters in other monocot studies. Other plastid DNA regions ( rpl 16, rpo C, and ndh F) were tested on a small sample of species as potential new plastid DNA markers, but these regions showed amplification difficulties, whereas mat K amplified readily in all palm test samples. All mat K sequences were produced for this study and are published here for the first time. In addition, rbc L, rps 16, and trnL-trnF sequences for taxa not previously included in our data sets were generated; all other data were recycled from three previous studies (Baker et al., 1999; Asmussen et al., 2000; Asmussen & Chase, 2001 ; see Appendix). Ten monocot outgroup species were selected from among the clades most closely related to the palm family (Chase et al., 2000; see Appendix) .
DNA EXTRACTION, POLYMERASE CHAIN REACTION (PCR) AND NUCLEOTIDE SEQUENCING
Total genomic DNA was extracted from fresh or silica gel-dried plant material using the 2× CTAB method of Doyle & Doyle (1987) or the DNeasy Plant Mini Kit (Qiagen). Some of the 2× CTAB extractions were followed by purification on caesium chloride/ethidium bromide gradients (1.55 g ml −1 ) or with the QIAquick PCR purification kit (Qiagen) with 35% guanidinium chloride ((NH 2 ) 2 C:NH.HCl). The DNA concentrations were measured on a biophotometer (Eppendorf). All samples were vouchered with herbarium specimens (see Appendix).
The matK sequences were amplified from total genomic DNA using the primer matK-19F with trnK-2R (Table 1 ; Steele & Vilgalys, 1994) . If amplification was unsuccessful, reactions were repeated using matK-19F with matK-1862R or in two pieces with any combination of the available primers (Table 1) . PCR reactions (100 µl) were prepared on ice by combining 65 µl ddH 2 O, 10 µl 10× DNA polymerase buffer, 8 µl 20 µmol l −1 MgCl 2 , 4 µl 10 mmol l −1 each dNTP, 1 µl 10 mg ml −1 bovine serum albumin, 5 µl of each primer (10 µmol l −1 ), 1 µl 5 µ µl −1 Supertaq DNA polymerase (HT Biotechnology), and 25 ng of template DNA. The amplifications were conducted on an MJ Research PTC-200 thermocycler programmed as follows: one cycle at 94 °C for 3 min, 28 cycles of 94 °C for 1 min, 50 °C (or up to 60 °C for problematic DNA samples) forfor 5 min. The resulting PCR products were checked on a 0.8% agarose gel with ethidium bromide and purified using the QIAquick PCR purification kit (Qiagen) with 35% guanidinium chloride ((NH 2 ) 2 C:NH.HCl). The amplification primers and protocols for the rbcL region were those described in Asmussen & Chase (2001) ; a new primer, rbcL-1407R was designed and used for DNAs that would not amplify with rbcLreverse (Fay et al., 1998) . The rps16 intron region was amplified using the primers of Oxelman, Lidén & Berglund (1997) and the protocols of Asmussen et al. (2000) . The trnL-trnF region was amplified using the primers of Taberlet et al. (1991) and the protocols for amplification followed Asmussen et al. (2000) and Baker et al. (1999) .
The concentrations of purified PCR products were measured on a biophotometer and the products were sequenced using the ABI PRISM BigDye terminator cycle sequencing ready reaction kit (Perkin-Elmer, AB Applied Biosystems). For matK, the PCR amplification primers, matK-19F and trnK-2R, performed poorly as sequencing primers and therefore six new primers were designed as sequencing primers (Table 1 ). The sequencing primers for rbcL, rps16 and trnL-trnF were those described in Asmussen & Chase (2001) , Asmussen et al. (2000) and Baker et al. (1999) in addition to the new rbcL-1407R (Table 1) . Cyclesequencing reactions (10 µl) were prepared by combining 1 µl terminator mix, 3 µl 5× cycle-sequencing buffer (200 mmol l −1 trizma base, 5 mmol l −1 MgCl 2 , pH 9.0, from the BigDye terminator kit), 1 µl primer (1 µmol l −1 ), 25 ng DNA from the cleaned PCR product and ddH 2 O up to 10 µl. Cycle sequencing was conducted on an MJ Research PTC-200 thermocycler programmed as follows: 25 cycles of 96 °C for 30 s, 50 °C for 15 s and 60 °C for 4 min Cycle-sequencing products were cleaned using Dye-Ex Spin columns (Qiagen) or Sephadex G-50 (Roche) following the protocol of the manufacturer. The cleaned cycle-sequencing products were analysed on a PE Applied Biosystems 377 automated DNA sequencer (Perkin-Elmer) or a PE Applied Biosystems 3100 capillary automated DNA sequencer (PerkinElmer). Each base position in the forward and reverse sequences was checked and assembled using the program SEQUENCHER 3.0 (Gene Codes Corp.).
SEQUENCE ALIGNMENT
Initial automated alignments of consensus sequences were performed with the MegAlign program (Lasergene software package, DNASTAR Inc.) and followed by refinement by hand. The alignment of rbcL sequences was straightforward due to the absence of length variation. The alignment of matK was also relatively straightforward except for a number of indels at the 3′ end. For the length-variable rps16 intron and trnL-trnF sequences, the alignments included numerous indels, but they were not recoded as additional characters. The aligned matK, rbcL, rps16 intron and trnL-trnF sequence matrices were combined and analysed together. For separate analyses of rbcL, rps16 intron and trnL-trnF, see Asmussen & Chase (2001) , Asmussen et al. (2000) and Baker et al. (1999) .
CLADISTIC ANALYSES
The four data sets were readily combined because they all originated from plastid DNA and therefore have identical evolutionary history, which makes congruence tests superfluous. However, the tree statistics indicate that the individual data sets are compatible, because the number of nodes, the number of supported nodes and the number of highly supported nodes increase in the result of the analysis of the combined data set ( Table 2 ). The data sets were analysed by Fitch parsimony (Fitch, 1971 ; unordered, equally weighted characters) using PAUP* version 4.0 Beta 10 (Swofford, 2002) . The analyses yielded many trees, principally because of zero-length branches resulting from an inadequate number of informative characters. Thus, heuristic searches could not be run to completion. Therefore, the following search strategy was used. One thousand random replicate searches were conducted using the tree-bisection-reconnection (TBR) branch-swapping algorithm with steepest descent and MULPARS in effect, but holding five trees per step to minimize the time spent swapping on suboptimal trees. A round of TBR swapping was performed on the trees collected during the 1000 random replicates, collecting 30 000 optimal trees, and these trees were swapped to completion. Support for clades was calculated by conducting 1000 bootstrap replicates, each with five random replicates, subtree pruning-regrafting (SPR) swapping, and saving no more than five trees each replicate. Only groups that appeared in > 50% of the trees were retained. Jack- 
knife percentages and Bremer support values were calculated for the subfamily clades and the major nodes connecting the subfamilies. A 10 000 replicate jackknife analysis was conducted with collapse branches if the minimum length was zero, jackknife with 36.79% deletion, emulate 'Jac' resampling in effect, and a full heuristic search of five replicates, saving a maximum of five trees each replicate and nearest-neighbour interchange swapping. Bremer support was calculated using the 'load constraint' option, and for each node conducting 1000 random replicate searches using the TBR branch-swapping algorithm with steepest descent and MULPARS in effect and holding five trees per step. All parsimony analyses were performed under DELTRAN due to the malfunction of ACCTRAN in PAUP* 4b version 10.
RESULTS
SEQUENCE VARIATION
The length of sequences from the matK region (amplification product of matK-19F and trnK-2R) in palms ranged from 1800 (Mauritia flexuosa) to 1847 base pairs (Kerriodoxa elegans). Most of matK and part of the spacer between matK and the 3′ end of the split gene trnK were included in the alignment. The beginning of matK could not be identified and the last c. 100 base pairs of the spacer before the 3′ end of trnK were excluded from the alignment and analyses because many sequences lacked these positions due to differences in the reverse primer used to obtain the PCR product. The data matrix thus consisted of 2385 positions, of which 553 (23.19%) were potentially parsimony informative (Table 2) . Approximately 50 gap areas varying from 1 to 204 bases in length were introduced. The larger gaps were distributed in the intergenic spacer between matK and the 3′ end of trnK.
Only the coding region of the rbcL amplification product was included in the alignment (1434 base pairs), and the first 57 and the last 71 base pairs of the rbcL gene were excluded from the analysis because most sequences lacked these positions (primer annealing regions). The data matrix thus consisted of 1306 positions, of which 192 (14.7%) were potentially parsimony informative (Table 2) . No gaps were introduced.
The length of the rps16 intron sequences in palms ranged from 686 (Kerriodoxa elegans) to 954 (Maxburretia rupicola) bases. This is the entire intron except for the first 31 and the last 5 base pairs. The alignment consisted of 1569 positions (Table 2 ). There were 248 (15.81%) potentially parsimony-informative characters. Sixty gaps varying from 1 to 341 bases in length were introduced.
The length of the trnL-trnF sequences in palms ranged from 776 (Hedyscepe canterburyana) to 884 base pairs (Wettinia hirsuta). The alignment consisted of 1842 positions and no characters were excluded on the grounds of problematic alignment areas (Table 2 ). There were 219 (11.89%) potentially parsimony-informative characters. Fifty-five gaps varying from 1 to 166 base pairs in length were introduced in the alignment.
The combined matrix of matK, rbcL, rps16 intron and trnL-trnF consisted of 7102 characters, all included in the analyses (Table 2 ). There were 1212 (17.07%) potentially parsimony-informative characters. No characters were excluded on the grounds of problematic alignment areas. The 1212 potentially parsimony-informative characters included 844 characters without any gap positions and 368 characters with at least one gap position among the 188 included taxa.
The 30 000 equally most-parsimonious trees collected in the Fitch parsimony analysis were 4176 steps long and had a consistency index of 0.44 (excluding autapomorphies) and a retention index of 0.69 (Table 2 ). The tree lengths of the cladograms resulting from the combined analyses were longer than the combined lengths of the four individual data sets (762 + 655 + 754 + 1809 = 3980), indicating that the combined analysis recovered homoplasy not present in each of the individual analyses.
PHYLOGENETIC ANALYSES
The strict consensus tree of the combined data set was well resolved and included many well-supported clades (Fig. 1) . The palm family was resolved as monophyletic with a bootstrap support of 100%. The most resolved individual tree had seven polytomies of three taxa each (Fig. 2) . Five of these seven polytomies of the most resolved individual tree were present in all individual trees (Fig. 2 , arrows 1-5). Polytomy 6, including four coryphoid taxa, and polytomy 7, comprising three large clades in the subfamily Arecoideae, were present only in a subgroup of the 30 000 mostparsimonious trees (Fig. 2 , arrows 6 and 7). Five of the seven polytomies were positioned in the subfamily Arecoideae, where particularly backbone branch lengths were short compared with backbone branch lengths within the other four subfamilies (Fig. 2) . In the strict consensus tree, the monophyletic (100% bootstrap) subfamily Calamoideae (Fig. 1, clade 1 ) was resolved as sister to the rest of the palms. Within Calamoideae, Eugeissona (tribe Eugeissoneae) was sister to the rest of the Calamoideae (59% bootstrap support). Additionally, Calamoideae were divided into two large monophyletic groups corresponding to the two tribes Lepidocaryeae (91% bootstrap support) and Calameae (70% bootstrap support). The Lepidocaryeae clade consisted of the African and American taxa Mauritia (subtribe Mauritiinae), Raphia (subtribe Raphiinae) and Oncocalamus, Laccosperma and Eremospatha (all three from the subtribe Ancistrophyllinae). The Calameae clade consisted of the largely South-east Asian taxa Korthalsia (Korthalsiinae), Salacca (Salaccinae), Calamus (Calaminae), Pigafetta (Pigafettinae), Plectocomia (Plectocomiinae) and Metroxylon (Metroxylinae).
Nypa fruticans, from the monospecific subfamily Nypoideae, was sister to the remaining palms (namely Calamoideae not included) with a bootstrap support of 97% (Fig. 1, clade 2) .
The subfamily Coryphoideae, including Caryoteae from the subfamily Arecoideae, formed a monophyletic lineage with bootstrap support of 97% (Fig. 1, clade 3) . All taxa in this clade have induplicate leaves, except for the anomalous coryphoid genus Guihaia. Three major clades received high bootstrap support. The first of these, with bootstrap support of 98%, consisted entirely of the New World taxa: the genus Sabal (100% bootstrap support; Fig. 1, clade a) , sole member of the subtribe Sabalinae (tribe Corypheae), and the New World genera of the subtribe Thrinacinae (tribe Corypheae; 100% bootstrap support; Fig. 1, clade b) . The second major clade, which was weakly supported (61% bootstrap support) as sister to the third (described below), was resolved with 99% bootstrap support and consisted of exclusively Old World taxa: a highly corroborated (100% bootstrap support) monophyletic group of three members of the subtribe Coryphinae (Nannorrhops, Kerriodoxa and Chuniophoenix; Fig. 1 , clade c), a highly supported (100% bootstrap support) tribe Caryoteae (subfamily Arecoideae, Fig. 1, clade d) , the genus Corypha (subtribe Coryphinae; 100% bootstrap support; Fig. 1 , clade e) and a highly supported (100% bootstrap support) tribe Borasseae (Fig. 1,  clade f) . The clade comprising Caryoteae, Corypha and the Borasseae was monophyletic with bootstrap support of 91%, whereas the support for Corypha as sister to the Borasseae was low (66% bootstrap support). The third major clade received 86% bootstrap support and consisted of the monogeneric tribe Phoeniceae (100% bootstrap support; Fig. 1, clade g ) and a highly supported (99% bootstrap support) clade composed of a paraphyletic subtribe Livistoninae (tribe Corypheae) within which a monophyletic, well-supported (86% bootstrap support) clade of all Old World genera of Thrinacinae (tribe Corypheae) was embedded (Fig. 1,  clade h ).
There was 85% bootstrap support for the clade corresponding to Moore's (1973) Arecoid Line comprising the subfamilies Ceroxyloideae, Phytelephantoideae and Arecoideae, excluding Caryoteae (Fig. 1, clades 4 and 5). The subfamily Phytelephantoideae was monophyletic (99% bootstrap support) and together with two monophyletic tribes, Cyclospatheae (100% bootstrap support) and Ceroxyleae (99% bootstrap support) of the subfamily Ceroxyloideae is denoted as clade 4 on Figure 1 (63% bootstrap support) .
The remaining large clade (Fig. 1, clade 5 ) was weakly supported (70% bootstrap support) and consisted of all genera from the subfamily Arecoideae, except for Caryoteae, with the addition of the tribe Hyophorbeae (subfamily Ceroxyloideae). The tribe Iriarteeae was monophyletic (98% bootstrap support) and sister to a clade (76% bootstrap support) of the remaining members of clade 5. Within this latter clade, the base of which is highly unresolved, Sommieria and Pelagodoxa (subtribe Iguanurinae) formed a monophyletic group (94% bootstrap support). The monophyly of the tribe Hyophorbeae (subfamily Ceroxyloideae) was highly supported by bootstrap (100%). The tribe Geonomeae was resolved as nonmonophyletic, Welfia and Pholidostachys forming a clade with Manicaria (subtribe Manicariinae; 89% bootstrap support), whereas a clade of Asterogyne, Geonoma, Calyptronoma and Calyptrogyne (80% bootstrap support) resolved elsewhere. The latter group of Geonomeae was sister to a monophyletic subtribe Euterpeinae (56% bootstrap support). The tribe Cocoeae was not supported as monophyletic: Beccariophoenix (subtribe Beccariophoenicinae) was sister to Sclerosperma (Sclerospermatinae) with less than 50% bootstrap support. The remaining members of Cocoeae formed an unsupported monophyletic group with Reinhardtia as the sister group, again without support. The subtribe Elaeidinae (Elaeis) was included in a monophyletic group with the subtribe Bactridinae (Desmoncus, Bactris, Aiphanes and Acrocomia; 73% bootstrap support); and the subtribes Butiinae (Allagoptera, Syagrus, Cocos, Voanioala, Jubaeopsis) and Attaleinae (Attalea) formed a well-supported monophyletic group (91% bootstrap). Most of the species representing Indo-Pacific pseudomonomerous genera from the tribe Areceae resolved in an unsupported and highly unresolved clade, with some notable exceptions (Pelagodoxa, Sommieria, Iguanura 
DISCUSSION THE SEQUENCES
The matK sequences produced more than twice the number of parsimony-informative characters (553) for the same taxon sample when compared with the other regions: rbcL (192), trnL-trnF (219) and rps16 intron (248; Table 2 ). This is in agreement with the results from other studies where two or more of these plastid DNA areas were used (Shaw et al., 2005) . The rbcL gene produced the fewest parsimony-informative characters (192), but these variable characters resulted in 65 resolved nodes in the palm family, whereas the trnL-trnF region and the rps16 intron produced only 35 and 54 resolved nodes, respectively, despite supplying more informative characters (219 and 248; Table 2 ). The number of clades with more than 90% bootstrap support was relatively low in each of the individual data sets (four, four and nine), except for matK (28), but the combined data set produced the largest number of highly supported (> 90%) clades (40; Table 2 ).
THE NEW SUBFAMILY CLASSIFICATION
The dense taxon sampling and the large number of nucleotide characters included in this study and the high levels of resolution and support in the resulting trees are unprecedented in higher-level palm phylogenetic research. Our results are sufficiently robust to justify a formal reclassification of palm subfamilies and are equally convincing at lower taxonomic levels in some areas (Fig. 3) . Herein, we describe the rationale for recognizing five subfamilies in a forthcoming formal reclassification of the palms (Dransfield et al., 2005) .
Subfamily placements for most genera of palms remain unchanged in the majority of cases with respect to the previous classification (Uhl & Dransfield, 1987; Dransfield & Uhl, 1998 ; see Appendix). Nevertheless, the new subfamily classification requires three major rearrangements (Figs 1, 2): (1) the tribe Caryoteae from the subfamily Arecoideae sensu Dransfield & Uhl (1998) is moved to a revised subfamily Coryphoideae; (2) subfamily Phytelephantoideae changes rank to tribe Phytelephanteae and is included within the new circumscription of the subfamily Ceroxyloideae; and (3) the tribe Hyophorbeae from the subfamily Ceroxyloideae (sensu Dransfield & Uhl, 1998 ) is moved to the subfamily Arecoideae.
SUBFAMILIES CALAMOIDEAE AND NYPOIDEAE
This study strongly supports the monophyly of the subfamily Calamoideae and firmly positions it as sister to the rest of the palms (Fig. 1, clade 1) . Moreover, our results corroborate those of Asmussen & Chase (2001) and the total evidence analyses of Hahn (2002a) . The tribal and subtribal classification of Calamoideae (Baker et al., 2000a) is also corroborated in this study. The position of the subfamily Nypoideae as sister to all palms excluding Calamoideae is strongly supported and its status as a monogeneric subfamily is confirmed, in accordance with all previous studies (Fig. 1, clade 2 ; Uhl et al., 1995; Baker 
SUBFAMILY CORYPHOIDEAE
The matK sequences were particularly useful for the resolution of the subfamily Coryphoideae. However, the addition of more genera probably also contributed to the improved resolution of the relationships compared with previous studies (Asmussen & Chase, 2001 ). The new subfamily Coryphoideae (Fig. 1, clade  3) is modified only by the inclusion of the tribe Caryoteae, a relationship that can also be found among the most-parsimonious solutions emerging from many other phylogenetic analyses of molecular data in the palm family (Uhl et al., 1995; Baker et al., 1999; Asmussen et al., 2000; Asmussen & Chase, 2001; Hahn, 2002a) . However, until now, a robust monophyletic group consisting of the subfamily Coryphoideae and the tribe Caryoteae had only been recovered by Uhl et al. (1995) and Hahn (2002a) .
The position of Coryphoideae as sister to all palms except the Calamoideae and Nypa had only previously been recovered by Hahn (2002a) in a highly reduced taxon sample.
The relationship between the Coryphoid genera is well resolved, and there are high bootstrap values for many of the subclades (Fig. 1, clade 3) . Two of the three tribes in Dransfield & Uhl's (1998) classification of the subfamily Coryphoideae are resolved as monophyletic: the tribes Borasseae (Fig. 1, clade f) and Phoeniceae (Fig. 1, clade g ). The third tribe, Corypheae, is not monophyletic, and just one of the four constituent subtribes, Sabalinae, is monophyletic (Fig. 1, clade a) . The significance of these relationships for classification depends on which nodes are recognized and the ranks that they are allocated. In the interests of nomenclatural stability, we propose that as many as possible of the current tribes and subtribes are maintained, but major rearrangements of the tribe Corypheae and three of its four subtribes are needed to satisfy the criterion of monophyly (Fig. 1, clade 3) . Such a reorganization (Dransfield et al., 2005) results in eight tribes (Fig. 1, clades a-h ) and a number of subtribes, all of which find support among other studies (Uhl et al., 1995; Asmussen et al., 2000; Asmussen & Chase, 2001; Hahn, 2002a) .
SUBFAMILIES CEROXYLOIDEAE AND ARECOIDEAE
The bootstrap support for the subfamilies Ceroxyloideae and Arecoideae is low (63 and 70%, respectively). However, the monophyly of both subfamilies is strongly supported by data from low copy nuclear DNA genes (W. J. Baker, unpubl. data). Furthermore, the Arecoideae is well defined by the floral triad, notwithstanding the floral cluster of the Hyophorbeae and the presence of triads in Caryoteae. Although the Ceroxyloideae is morphologically heterogeneous, it is defined by all taxa having solitary flowers. The subfamily Phytelephantoideae (sensu Dransfield & Uhl, 1998) is highly supported as monophyletic (99% bootstrap support), which is in agreement with other studies (Barfod, 1991; Uhl et al., 1995; Asmussen et al., 2000; Asmussen & Chase, 2001; Hahn, 2002a, b) . However, given that Phytelephantoideae is nested between two tribes of Ceroxyloideae, Ceroxyleae and Cyclospatheae, as sister to the former, the subfamily can no longer be recognized at the same rank and is placed as a tribe within the new concept of the subfamily Ceroxyloideae (Fig. 1, clade 4) . In the studies of Hahn (2002a, b) , the Phytelephantoideae and the tribe Ceroxyleae were similarly resolved, but the Cyclospatheae had a different position. The remaining studies on palm family phylogenies placed the Phytelephantoideae unresolved as a member of a polytomy (Uhl et al., 1995; Baker et al., 1999; Asmussen et al., 2000; Lewis & Doyle, 2002) . The inclusion of the tribe Hyophorbeae, formerly of the subfamily Ceroxyloideae (sensu Dransfield & Uhl, 1998) , in the subfamily Arecoideae, as well as the exclusion of the tribe Caryoteae, is in accordance with all previous molecular phylogenies of the palm family (Fig. 1, clade 5) . The limits of the subfamily Arecoideae require no further alterations.
CONCLUSION AND FUTURE PLANS
The addition of matK sequences and more taxa to the previous palm data sets of Asmussen & Chase (2001) provided the resolution and support required to refine the subfamily classification of the palm family (Fig. 3) . Five subfamilies, all monophyletic, rather than six, are now recognized (Dransfield et al., 2005) : (1) the subfamily Calamoideae, as circumscribed in Dransfield & Uhl (1998); (2) the subfamily Nypoideae, with just one species, Nypa fruticans; (3) the subfamily Coryphoideae, comprising those genera included by Dransfield & Uhl (1998) , with the addition of the tribe Caryoteae; (4) the subfamily Ceroxyloideae, including the tribes Cyclospatheae and Ceroxyleae, and the three phytelephantoid genera; (5) the subfamily Arecoideae, following the concept of Dransfield & Uhl (1998) , but with the addition of the tribe Hyophorbeae and the exclusion of the tribe Caryoteae. This new subfamily classification will form the backbone of a new edition of Genera Palmarum (Uhl & Dransfield, 1987; Lewis, unpubl. data) .
Within the new subfamilies, high resolution and bootstrap support are recovered in the Calamoideae, Nypoideae, Coryphoideae and, to some extent, the Ceroxyloideae. The subfamily Arecoideae is, however, poorly resolved, and the internal nodes generally receive low bootstrap support. The low resolution and bootstrap support in Arecoideae are principally a result of a relatively low number of parsimonyinformative characters in this portion of the tree. The most significant phylogenetic ambiguities remain in three areas: (1) poorly supported nodes for and some within the Ceroxyloideae; (2) poor resolution and support for and within the subfamily Arecoideae; (3) poor support and resolution in the clades of coryphoid genera formerly referred to the subtribes Livistoninae and Thrinacinae. To address these problems and to consolidate further our findings, we plan to add low copy nuclear DNA sequences and additional plastid DNA sequences to this data set and expand the taxon sample to include all genera of palms. Despite these shortcomings, however, we are confident that the wellsupported relationships presented here will be robust to the addition of new data and that our revised subfamily circumscriptions represent significant steps towards a natural and stable classification of palms that will stand the test of time.
APPENDIX
Voucher and database information (EMBL/GenBank/DDBJ databases) for the taxa used in this study. Herbarium acronyms are given in parentheses. The first column gives the subfamily classification of Dransfield & Uhl (1998) 
